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Abstract: Immediate loading of dental implants is only possible if a firm bone-implant 
anchorage at early stages is developed. This implies early and high bone apposition onto the 
implant surface. A nanostructured coating material based on an osseoinductive bone grafting 
is investigated in relation to the osseointegration at early stages. The goal is to transmit the 
structure (silica matrix with embedded hydroxyapatite) and the properties of the bone grafting 
into a coating material. The bone grafting substitute offers an osseoinductive potential caused 
by an exchange of the silica matrix in vivo accompanied by vascularization. X-ray diffraction 
and transmission electron microscopy analysis show that the coating material consists of a high 
porous silica matrix with embedded nanocrystalline hydi'oxyapatite with the same morphology as 
human hydroxyapatite. An in vitro investigation shows the early interaction between coating and 
human blood. Energy-dispersive X-ray analysis showed that the silica matrix was replaced by an 
organic matrix within a few minutes. Uncoated and coated titanium implants were inserted into 
the femora of New Zealand White rabbits. The bone-to-implant contact (BIC) was measured after 
2, 4, and 6 weeks. The BIC of the coated implants was increased significantly at 2 and 4 weeks. 
After 6 weeks, the BIC was decreased to the level of the control group. A histological analysis 
revealed high bone apposition on the coated implant surface after 2 and 4 weeks. Osteoblastic 
and osteoclastic activities on the coating material indicated that the coating participates in the 
bone-remodeling process. The nanostructure of the coating material led to an exchange of 
the silica matrix by an autologous, organic matrix without delamination of the coating. This is 
the key issue in understanding initial bone formation on a coated surface. 
Keywords: silica, hydroxyapatite, dental implants, matrix change, osseointegration, in vivo 

Introduction 

Dental implants are widely used for tooth replacement. Several implant designs and 
systems have had high clinical success rates. The conventional protocol for dental 
implant placement is divided into two phases.'-^ During the first, so called 'surgi- 
cal phase', the implant is installed and the surgical site has to be undisturbed for 
3-6 months, when the prosthesis is mounted in the second 'prosthesis phase'. This 
two-stage surgical protocol includes a transitional removable prosthesis with its prob- 
lems and discomfort, and the physiological and psychological challenges for patients 
caused by the additional surgery.' Therefore, research is focused on immediate or early 
implant loading after implantation. Immediate implant loading is defined as loading 
within 24-48 hours and early implant loading as within 14 days.' A basic requirement 
for rapid loading is the stability of the implant-bone anchorage at early stages, which 
implies early bone apposition onto the implant surface. But the primary stability of 
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conventional implant surfaces decreases during the first few 
weeks, and the so-called secondary stability increases only 
after 5-8 weeks. This effect leads to a minimum in the stabil- 
ity of implant fixation in the early stages. Consequently, most 
implant failure occurs during a period of 2-A weeks. ^ 

Several possibilities of enhancing the osseointegration 
at early stages seem possible. The role of surface rough- 
ness is manifold discussed and the benefit of rough implant 
surfaces in comparison to smooth or machined is shown in 
many studies. Rough implant surfaces induce higher bone-to- 
implant contact (BIC) rates and torque-removal values.'"' 

Calcium phosphate layers such as hydroxyapatite (HA), 
tri-calcium phosphates (TCPs), and others carry further pos- 
sibilities for enhancing osseointegration. It is reported that 
calcium phosphate (CaP)-coated implants exhibit osteocon- 
ductive behavior and offer an improvement in osseointegra- 
tion.*'""'* In addition, CaP coatings show a higher protein 
(growth factors)-binding affinity and therefore promote the 
differentiation of osteoblast- and osteoclast-like cells.*''" '^ '^ 
But the resorption of CaP coatings strongly depends on the 
chemical composition and structural configuration of the 
material.'^ The solubility can differ in two orders of magni- 
tude depending on the chemical composition."" Therefore, 
the resorption that has been reported several times is an 
effect of dissolution of the CaP layer rather than a bone 
remodeling. ''■"'■'^•" The discrepancy in dissolution between 
the various phases in the coating can lead to delamination 
and particle release, which can result in clinical problems, 
ending with implant failure. '^"^^ 

A third point in osseointegration is the application of 
osteogenic agents such as bone morphogenetic proteins 
(BMPs). It is possible to render implants osseoinductive.^^"^^ 
BMPs stimulate the recruitment, proliferation, and differen- 
tiation of not only osteoprogenitor cells but also of osteoclasts 
at an early stage.-' It has been shown that the applied dose of 
the drug is critical, since an overdose can trigger the produc- 
tion of BMP inhibitors. ^^'^^ An overdose can even result in 
uncontrolled bone formation in the defect.^'-^" 

This study aimed to enhance the osseointegration at 
early stages via an autologous self-coating. To this end, the 
use of a new nano structured coating material is suggested. 
The basic concept of this coating material is the synthetic 
bone grafting material NanoBone* Artoss GmbH, Rostock- 
Warnemiinde, Germany. It consists of a highly porous 
silica matrix with embedded nanocrystalline hydroxyapa- 
tite (ncHA), which has a morphology identical to that of 
human HA.""" It has been shown that the structure of the 
bone grafting leads to fast osteogenesis and resorption 



by bone remodeling. ^''"^'' Moreover, several studies have 
revealed an osteoinductive behavior of this bone grafting 
material. It was found that the osseoinductive behavior is 
obtained by an exchange of the silica matrix in vivo, ie, the 
silica matrix is replaced by an organic matrix consisting of 
autologous macromolecules within a few days. The matrix 
change at very early stages is attended by vascularization, 
which ensures nutrition and metabolism of the proliferat- 
ing and/or migrating cells. ^^"" Silicon as a trace element 
plays an active role in bone mineralization and calcification, 
and even silicon-substituted HA resulted in faster bone 
remodeling. ^^"*^ 

Materials and methods 

Coating routine 

The coating was produced by a spin-and-spray coating 
process. The implant was fixed in a stainless steel implant 
holder and rotated around its longitudinal axis. Before coat- 
ing, the implant surfaces were activated by atmospheric 
oxygen plasma (PlasmaBeam; Diener electronic GmbH, 
Ebhausen, Germany) and cleaned of hydrocarbons and 
other carbon molecules, rendering the implant surface 
hydrophilic. *'■*'' 

The coating dispersion consisted of ncHA and a SiO,- 
sol (silica). The dispersion medium was ethanol. The ncHA 
was derived by precipitation of diluted solutions of calcium 
chloride and sodium hydrogen phosphate at a controlled 
temperature and pH adjusted with ammonia solution. The 
formed HA crystals were washed with deionized water and 
triple rinsed with pure ethanol to diminish the amount of 
water." 

The SiOj-sol was derived by hydrolysis of tetraethyl 
orthosilicate with an acid catalyst. The molar ratio of water 
to tetraethyl orthosilicate was 4. 

The slurry of ncHA and the SiO^-sol was homogeneously 
dispersed in ethanol with a weight ratio of HAiSiO^ of 
76:24. After homogenization with ultrasonic treatment, the 
dispersion was sprayed onto the implant surfaces with a two- 
substance nozzle (970; Diisen-Schlick GmbH, Untersiemau/ 
Coburg, Germany). 

During the drying routine (dry and oil-free air flow. 
Carat 106/E, FIAC, Bologna, Italy), the ethanol evaporated 
and the silica sol formed a three-dimensional network with 
embedded HA crystals. Subsequently, the residual ethanol 
groups in the silica gel were removed by further atmospheric 
plasma treatment. 

The whole coating routine was embedded in a lami- 
nar flow box (Herasafe HSP12, class 2; Heraeus, Hanau, 
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Germany) and controlled by computer software to guarantee 
reproducibility. 

All chemical reagents were specified as Reagent European 
Pharmacopoeia Grade and obtained from Sigma- Aldrich, St 
Louis, MO, USA. 

Coating characterization 

For scanning electron micrographs (SEM) (DSM960; Zeiss, 
Oberkochen, Germany), coated and uncoated implants were 
sputtered with an Au/Pd layer (thickness about 5 nm). Images 
were taken at different magnifications with an acceleration 
voltage of 10 kV For calculation of a three-dimensional 
surface model, tilted images were collected at three differ- 
ent angles (Stereo-SEM, MeX5. 1 ; Alicona Imaging GmbH, 
Graz, Austria). The magnification was adjusted in that way 
to eliminate screw threads. The mean roughness (s^) of the 
implant surface was calculated from the surface model by 
area analysis using a Gaussian filter with cut-off wavelength 
of 500 |J,m. 

The local chemical composition was determined by 
energy-dispersive X-ray analysis (EDX) using SEM equipped 
with a Si(Li) detector (S AMx, Saint Laurent Du Var, France) 
using an acceleration energy of 10 keV 

The nanostructure of the coating material was investigated 
by transmission electron microscopy (TEM) and scanning 
TEM (STEM) (TEM/STEM EM912, Zeiss, Oberkochen, 
Germany), operated at lOOkV Copper grids with a carbon- 
hole fihn were used as sample holder. Micrographs were taken 
in conventional transmission mode and scanning transmission 
mode (STEM) using a secondary electron (SE) detector. 

X-ray powder diffraction (XRD) of the ncHA and 
human HA was conducted in reflection with a position 
sensitive detector (Inel Inc, Stratham, NH, USA) and Cu 
Ka radiation. 

For determination of the tensile bond strength, four 
Ti6A14V test rods (Zwick Roell Z050-50 kN; Ubn, Germany) 
with a sand-blasted surface were coated as described above. 
The coated rods were fixed to another identical rod by heat- 
cured epoxy according to the standard test method for adhe- 
sion or cohesion strength of thermal spray coatings (ASTM 
C633). The two fixed rods were pulled in tension using an 
all-round testing machine (Zwick Roell). The force was mea- 
sured until failure occurred. The tensile strength is calculated 
by dividing the force by the cross-sectional area. 

In vitro 

To analyze if the matrix change occurs within the coating 
material, the interaction of the coating with human blood 



was investigated. Coated implants were kept in 3 mL of 
human blood. No coagulation inhibitors, such as heparin, 
were used. The temperature was adjusted to approximately 
36°C-37°C to keep the thermodynamics constant. Specimens 
were removed after 0.5, 1, 3, and 5 hours and fixed with 
4% formaldehyde solution. The coagulated blood was 
removed mechanically and, after critical point drying, the 
silicon concentration was determined by EDX analysis at 
different positions. Furthermore, histological cross sections 
according to the sawing and grinding technique were prepared 
and stained with toluidine blue.*^ 

In vivo New Zealand White rabbits 

Commercial sand-blasted titanium implants (diameter = 
3.7 mm, length = 9.0 mm, tioLogic®; Dentaurum GmbH 
and Co, KG, Germany) were used. The coated implants were 
produced as described above. Coated (NanoBone* coating: 
NB-C) and uncoated (control) implants were sterilized using 
heat for 4 hours at 160°C. 

All animal handling and surgical procedures were 
conducted according to European Community guidelines 
for the care and use of laboratory animals (DE 86/609/ 
CEE) and approved by the local veterinary school ethical 
committee. 

All implants (n = 6 per time, per implant group) were 
inserted under general anesthesia ( 1 0% ketamine [bela-pharm, 
Germany], 2% xylazine [Rompun® Bayer AG, Leverkusen, 
Germany] and, after 10 minutes, 0.3 mL atropin [0.5 mg/mL; 
Ratiopharm GmbH, Ulm, Germany]) in the femora of New 
Zealand White rabbits (Charles River Laboratories, Sulzfeld, 
Germany). Additionally, as analgesic and antibiotic, met- 
amizole sodium (500 mg/mL, Novaminsulfon; Ratiopharm 
GmbH) and penicillin G (IM 1 50,000 IE) were injected. Local 
anesthesia was carried out with 2 mL xylocitin-Ioc (2%/mL) 
and the wound was washed with gentamicin (80 mg/2 mL; 1 :5 
dilution with NaCl) after implant insertion. Novaminsulfon 
was added to the drinking water for 3 days. 

The animals were euthanized with pentobarbital 
(Release*; Richter Pharma, Wels, Austria) after 2, 4, and 
6 weeks, and the specimens were excised. The implants 
were processed for histological preparation of undecalcified 
sections according to the sawing and grinding technique. 
Polished sections were prepared parallel to the longitudinal 
implant axis and stained with toluidine blue.''^ 

To determine the osseointegration, the BIC was measured. 
The BIC is the ratio of the sum of the direct bone-implant 
bonding and the circumference of the implant surface in two 
dimensions. 
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From the polished sections, the complete implant bound- 
ary was photographed by light microscopy (original magni- 
fication 50-fold). All images were combined as one image 
with a resolution of 1.3 |J,m per pixel. This guarantees a 
measurement at a high magnification of the BIC and allows 
explicit identification of bone or connective tissue. 

The BIC was measured by semi-automatic software 
(Axiovision 4.8; Zeiss, Germany). The length of the implant 
circumference was measured automatically. The direct contact 
of bone to the implant contour was marked manually. 

Statistical analysis 

One-way analysis of variance (ANOVA; Microcal 
Origin 5.0, Northampton, MA, USA) was conducted to 
determine the significance of the BIC values of the implant 
groups. The mean values and the standard deviation of the 
mean were calculated. A P-value of 0.05 was considered 
statistically significant. 

To analyze the silica concentration (derived from EDX) 
at the blood treatment, the means and the standard deviations 
of the means were calculated (Microsoft® Excel, Redmond, 
WA, USA). 

Results 

Coating characterization 

In Figure lA, the surface topography of the sand-blasted 
titanium implants is shown in a Stereo-SEM image. The 
rough surface is characterized by statistically distributed 
furrows in the range of 10-100 jim due to the sand-blasting 
particles used. The calculated mean surface roughness was 
4.7 |J,m. Figure IB is a Stereo-SEM of the NB-C surface. The 
calculated mean surface roughness has decreased to 2 |j,m. 

Figure 2A and B show the microstructure of the coating 
on the implant surface well. In Figure 2A, the homogeneous 
coverage of the coarse thread with NB-C is apparent. The 
thickness of the coating is 1 0 |J,m. The morphology of the coat- 
ing material is shown at a higher magnification in Figure 2B. 



The material offers pores and holes in the lower micrometer 
and nanometer scale, which generate a high surface. 

Figure 3 shows a TEM micrograph of the ncHA as one com- 
ponent of the coating dispersion. The FLA consists of thin plate- 
lets with the following physical dimensions: length 50-70 nm; 
width 20-25 nm; and thickness 3^ nm. The thickness of the 
crystals is observable as dark acicular lines when they are ori- 
entated parallel to the incident electron beam. In Figure 4, the 
XRD pattern of the ncHA is compared with that of human bone. 
All peaks of the ncHA pattern belong to the crystalline phase 
HA. Both patterns offer broadened peaks at the same positions 
and with the same peak ratios. That means the synthetic ncFLA 
has an identical morphology to human HA. 

The nanostructure of the coating material is shown in 
Figure 5. The TEM micrograph (Figure 5 A) shows the silica 
gel with the embedded HA crystals. The silica gel is a xerogel 
network and is visible as very small granular structures, about 
0.5-1 nm, on and between the HA crystals. For a higher 
magnification, see Figure 5B. In comparison with the TEM of 
the pure ncHA (Figure 3), where the HA crystals are loosely 
packed, the HA crystals in the coating are fully surrounded 
by the SiO^ gel. The coating material shows interconnected 
pores in the nanometer scale. Figure 5C is an SEM picture 
derived from the STEM mode using an SE detector This is 
sensitive for the surface of the specimen and gives an image 
of the surface topography. The coating is characterized by a 
rough surface with many nanopores due to the morphology 
of the HA crystals and the silica matrix. 

The tensile bond test with the coated test rods revealed a 
tensile bond strength of 45.0 + 1 .5 MPa, which is above the 
minimum tensile bond strength of 22 MPa for plasma-sprayed 
coatings defined by the US Food and Drug Administration 
(FDA).^'' 

In vitro 

A histological cross section of the coating after blood treat- 
ment for 30 minutes is shown in Figure 6A. The coating still 




Figure 1 3D-Stereo SEM of the implant surface without (A) and with coating (B). 

Abbreviations: NB-C, NanoBone® (Artoss GmbH, Rostock-Warnemijnde, Germany) coated group; SEM, scanning electron micrograph. 
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Figure 2 SEM images of the coating microstructure on the screw thread (A) and 
at a higher magnification (B). The coating topography exhibits a high porosity and 
high surface. 

Abbreviations: NB-C, NanoBone® (Artoss GmbH, Rostocl<-Warnemunde. Germany) 
coated group; SEM, scanning electron micrographs. 




Figure 3 TEM of the nano-crystalline hydroxyapatite (ncHA). The ncHA consists of 
thin platelets (length: 50-70nm, width: 20-25nm, thickness: 3-4nm , see arrows). The 
thickness is visible as needle-like structures when the platelets are oriented parallel 
to the electron beam. 

Abbreviation: TEM, transmission electron microscopy. 
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Figure 4 XRD patterns of human bone (bone) and the nano-crystalline 
hydroxyapatite. The ncHA has the same morphology as natural apatite; see peak 
positions, ratios and widths. 

Abbreviations: ncHA, nanocrystalline hydroxyapatite; XRD, X-ray powder diffraction. 



exists and did not dissolve. It is visible as light bands (arrows) 
on the implant surface. The silicon concentration (in at %, 
as a part of silica) of the coating after blood treatment was 
determined by EDX analysis and is shown in Figure 6B. The 
results are normalized to the default silicon concentration 
before blood treatment. After blood treatment for 30 minutes, 
the silicon amount is only 20% of the original concentration. 
This value is stable over the whole period of 5 hours. The 
pretended minimum at 1 hour is not real and is in the mag- 
nitude of error. The replacement of the silica matrix by an 
organic matrix occurred within 30 minutes and achieves 
saturation, due to the blood volume of 3 mL. The exchange 
of the silica matrix is much faster in comparison with the 
grafting material (10 days). 

Hlstomorphometrlc analysis In rabbits 

The results of the BIC measurement are illustrated in 
Figure 7. The BIC of the control group increased within 
6 weeks from 42% after 2 weeks up to 50% after 6 weeks. 
The BIC of the coated implants (NB-C) is significantly higher 
than that of the control group after 2 (66%) and 4 weeks 
(65%) (P < 0.005). After 6 weeks, the BIC of NB-C has 
decreased to the level of the control group. The difference 
after 6 weeks between the control group and NB-C is not 
significant. The initial enhanced BIC after the first 4 weeks 
is smoothed out after 6 weeks. 

Histological analysis In rabbits 

No animals showed abnormal behavior after implantation. 
After 2 and 4 weeks, both groups, control and coated implants 
(Figure 8A-D), showed the formation of cancellous peri- 
implant bone with intertrabecular loose cormective tissue, 
vessels, and fatty bone marrow and focally osteoblast seams, 
ie, a good peri-implantosteogenesis. Remarkably, most of 
the surface of the coated group (NB-C, Figure 8B) was cov- 
ered by bone (white arrows). Conversely, the control group 
(Figure 8A) showed less bone contact. The same behavior 
was found after 4 weeks for both, respectively. After 6 weeks 
(Figure BE and F), both groups showed matured bone. 
Conspicuously, the bone attachment of the coated group 
(NB-C) is diminished in comparison with 2 and 4 weeks 
(Figure SB and D). In accordance to the histomorphometric 
data, no difference between the uncoated and coated group 
remains after 6 weeks. 

In higher magnification, after 2 weeks (Figure 9A and B) 
both groups showed blood vessels, bone marrow, high osteoblas- 
tic activity, and newly formed bone. For the control group, bone 
formation occurred in the direction of the implant surface. In 
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Figure 5 TEM image (A) of the coating with its ncHA embedded in the silica matrix. The silica matrix is a xerogel networl< and encloses the HA-crystals (B). SEM image of 
the coated surface (C) shows the porosity in the nanometer scale. 

Abbreviations: TEM, transmission electron microscopy; SEM, scanning electron micrographs: ncHA, nanocrystalline hydroxyapatite; HA, hydroxyapatite. 



many cases, there is still comective tissue between newly formed 
bone and the implant surface, see Figure 9A (white arrow). 

On the other hand, in the NB-C group, bone formation 
occurred directly on the implant surface. In Figure 9B, an 
osteoblastic border is forming osteoid on the coating inter- 
face (black arrows). Osteocytes are included in the newly 
formed bone on the coating material (asterisks). A tight com- 
pound of new bone and coating is developed. After 4 weeks 
(Figure 9D), osteoblastic seams are also present. The bone, 
which is formed on the coating surface, has matured into 
lamellar bone, ie, more osteocytes have differentiated and 
the former osteoid is mineralized. 

Generally, after 6 weeks (Figure 9E and F), the bone in 
both groups was matured. The control group showed no sig- 
nificant differences to 2 and 4 weeks (Figure 9A and C). 

In comparison with 2 and 4 weeks, the peri-implant 
region of the coated surface (Figure 9F) showed resorption 
lacunae of osteoclasts (black arrows), which explains the 



reduction of the BIC after 6 weeks. The initial bone attach- 
ment was removed by bone remodeling processes. 

Discussion 

One goal of the study was to develop a nano structured, 
osseoinductive coating on implants. The micro- and 
nanometer structure of the coating were presented. The 
tensile bond strength was higher than the required minimum 
for HA coatings on metal implants.'"' SEM investigations 
revealed a homogeneous coverage with a thickness of about 
10 jim. The coating reduced the roughness of the implant 
surface to 2 )j,m. But the described coating material is remod- 
eled by osteogenic processes (Figure 9, discussed later) and 
therefore, the original implant surface roughness plays a 
crucial role at a later date.' 

From XRD analysis, the identical morphology between 
the synthetic hydroxyapatite (ncHA) and bone was apparent. 
The peak broadening of both samples indicated the same 
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Figure 6 Histological cross section after blood treatment for 30 minutes (A). The coating did not dissolve (arrows), but the silica concentration decreased within 30 minutes (B). 
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2 weel<s 4 weeks 6 weeks 

Figure 7 Bone-to-implant-contact of the control and coated group. The BIC of 
the coated group is enhanced considerably against the control group after 2 and 4 
weeks. After 6 weeks the difference is not significant: for explanation see text. 
Note: *P < 0.005. 

Abbreviations: BIC, bone-to-implant contact; Ctrl, control group: NB-C, NanoBone® 
(Artoss GmbH, Rostock-Warnemijnde, Germany) coated group. 

crystal morphology. In addition, the TEM micrograph of the 
ncHA (Figure 3) confirmed this. TEM and STEM investiga- 
tion demonstrated (Figure 5) that these ncHA platelets were 
fiilly embedded in the silica matrix. This silica matrix, which 
was derived via a sol-gel process, is a porous matrix itself. It 
is characterized by numerous open bonds (Si-OH or Si-0 , 
depending on the pH)."'"^" The composite of ncHA and SiO^ 
has a high number of interconnected pores in the nanometer 
scale and therefore a high inner surface (Figure 5). Xu et al 
found an inner surface of about 168 mVg for injectable 



^^^^ 




mm 




b 


h 

- - ' An 


W / " 




^^^^ 









Figure 8 Histological cross sections after 2, 4 and 6 weeks of the control group (A: 
2 weeks, C: 4 weeks, E: 6 weeks) and the coated group (B; 2 weeks, D: 4 weeks, 
F; 6 weeks). Both groups showed a good periimplantosteogenesis, ie, formation of 
cancellous periimplant bone, intratrabecular loose connective tissue, vessels and 
fatty bone marrow. Moreover the coated group showed bone formation directly on 
the implant surface (white arrows). 
Abbreviations: i, implant; b, bone. 




Figure 9 Higher magnification of the histological cross sections after 2, 4 and 6 
weeks of the control group (A: 2 weeks, C: 4 weeks, E: 6 weeks) and the coated 
group (B: 2 weeks, D; 4 weeks, F: 6 weeks). Osteoblastic seams {B, black arrows) 
formed osteoid (asterisk) onto the coating. The decreased BIC after 6 weeks (Figure 
7) is caused by osteoclastic resorption (F, black arrows), ie bone remodeling. 
Abbreviations: BIC, bone-to-implant contact; i, implant; b, bone. 

silica-embedded nanohydroxyapatite microspheres, which 
were structurally equal to the coating." The high inner sur- 
face and the negative surface charge offered the possibility 
of high protein adsorption."-^' 

In comparison with the findings of the bone substitute 
concerning matrix change, the interaction of the coating 
material with human blood was analyzed. Since the structure 
of the bone grafting and the coating material is similar, the 
obtained results are conferrable. EDX analyses revealed that 
the silica amount is reduced to 20% of the original composi- 
tion within 30 minutes, although the solubility of silica is in 
the range of 100 ppm at a physiologic pH of 7.4.^"'^^ Other 
studies investigating the use of silica xerogel for drug delivery 
reported that silica xerogels exhibited a weight loss of about 
30% after several days in simulated body iluid.""^^ In our 
study, the loss was 80% after 30 minutes - in comparison, a 
very fast exchange. Assuming that the silica matrix would be 
dissolved and not exchanged, the residual HA crystals would 
delaminate. But the coating was still present on the implant 
surface (Figure 6A). The reported matrix change in this study 
is not explained by dissolution - it seems to be a kind of 
substitution reaction, which can not be specified at this point. 
The leading part in that context is the protein affinity of the 
FIA crystals and therefore the (specific) protein adsorption. 
It is known that calcium phosphates, eg, HA, exhibit a high 
affinity for protein adsorption. Gotz et al have found that 
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bone-specific proteins, such as BMP-2, osteocalcin, osteo- 
pontin, etc, were adsorbed by the bone-grafting substitute, 
which is structurally identical to the described coating mate- 
rial. Furthermore, it is reported that a proteinaceous matrix 
was formed.""' From this point, we can only assume a similar 
behavior, but the comparable findings in SEM and EDX 
investigations confirm our suggestions. Since the ncHA is 
embedded in the silica matrix with high specific surface area, 
the replacement of the silica by proteins may lead to a high 
protein/HA ratio, which promotes the osseointegration. 

The in vivo investigation with New Zealand White rab- 
bits is consistent with the findings given above. It showed 
an enhanced BIC within the first 4 weeks. The histological 
analysis revealed a directed bone formation that is induced 
by the coating. New bone is priorly formed directly at 
the coated implant surface. High osteoblastic activity and 
osteoblastic seams on the coating confirm that point. After 
6 weeks, the initial bone formation decreases as a result of 
osteoclastic resorption. The BIC decreases to the magnitude 
of that of the control group. An explanation for this is the 
faster bone metabolism of rabbits compared with humans, 
ie, 6 weeks in vivo can not be considered as early stage.'' 
Of course, no implant loading occurred during that time 
period. Accordingly, no mechanical stress was induced into 
the peri-implant region. Probably, in combination with the 
faster bone metabolism of rabbits, the initial bone formation 
was diminished. 

The matrix change is understood to be the key issue of 
the osteoinductive behavior of the bone grafting material."" 
Therefore, the early bone formation on the coating mate- 
rial is associated with the exchange of the silica matrix by 
autologous molecules. The osteoblastic seams on the coating 
are an indication to confirm this point. Although it is still a 
matter of debate how materials induce the very first stages 
of osteogenesis,*" the adsorption of specific proteins and 
integrins is generally seen as important. To understand the 
effect of the initial bone formation at these very early stages, 
it is necessary to investigate which proteins adsorb on the 
coating material within these time scales. 

Conclusion 

The investigated coating material consists of a highly 
porous silica matrix with embedded ncHA, which is 
morphologically identical to human HA. This compound, 
silica matrix and HA, induces an initial matrix change 
shortly after implantation. The silica matrix is replaced by 
an organic matrix - a kind of self-coating procedure with 
autologous proteins and molecules. The coating material 



changes its composition. Therefore, the original coating 
material has to be considered as a temporary coating. This 
newly in vivo-formed material leads to a considerably 
enhanced BIC and induces bone formation directly on the 
implant surface. 
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